A modified sol-gel process for synthesizing nanocrystalline hydroxyapatite powders (nHA) for biomedical applications, using tetrahydrated calcium nitrate [Ca(NO 3 ) 2 •4H 2 O] and phosphorous pentoxide [P 2 O 5 ] as precursor, is presented and discussed. The powders were washed and heat-treated at different temperatures and then characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The total process time reached with this modified process was less than 16 hours. The results showed that there was an increment in size of the HA nanocrystals (nHA) when treated at different temperatures, ranging from 30 nm for the sample treated at 600°C to 500 nm for the sample heat-treated at 1,200°C.
Introduction
In the past 60 years there have been a number of articles about the importance of hydroxyapatite (HA) as a bone substitute biomaterial. The chemical formula of hydroxyapatite is: Ca 10-x (PO 4 ) 6-x (OH) 2-x ; where 1 $ x $ 0; when x = 0 is called stoichiometric HA. HA is the main inorganic component of vertebrate bones and the main factor of the hardness and strength of bones and teeth. It forms the enamel of each tooth, which is the hardest material known in animals due to the arrangement of HA crystals in the teeth. [1] [2] [3] [4] [5] [6] [7] This material has been reported in many different ways, i.e., as solid, crystalline or amorphous powder and coating. In the last years, its application has been focused as HA nanocrystals (nHA) for bone implants, as composite polymeric biocompatible fibers, as a coating on titanium prosthesis, 8, 9 as well as in the drug delivery field. [10] [11] [12] [13] [14] [15] [16] [17] When the HA is implanted, the processes of resorption, osteoconduction and bioactivity may occur, which make it very valuable for medical purposes. Due to these properties, it is also used as a bone substitute in cavity filling, coating of metal implants and reinforcement in composite materials. 8 HA is synthetically obtained in the laboratory by several methods, such as hydrothermal process, precipitation and sol-gel, among others, and depending on the applications, some characteristics such as bioactivity, crystal size and composition can be determined by controlling the main variables from the beginning the process, 16 i.e., reagents, temperature, reaction time, pressure and experimental process.
The most common method to obtain HA is the precipitation method, [18] [19] [20] since large amounts of material could be collected; it is inexpensive and easily reproducible. On the other hand, sol-gel processing offers the potential to reliably produce ceramic films and bulk forms through the careful control of the initial suspension "structure" and its evolution during fabrication. 1, [21] [22] [23] This approach involves five basic steps: (1) powder synthesis, (2) suspension preparation, (3) consolidation into the desired component shape, (4) removal of the solvent phase and (5) densification to produce the final microstructure required for optimal performance. The objective of this work is to produce, through a modified sol-gel approach, nHA for medical applications. It is also worth mentioning that this research is also looking into reducing the synthesis time and the possibility of controlling the final crystal size.
Results
When adding P 2 O 5 to ethanol a clear solution was obtained. During this process, a white gas-like fog-on top of the liquid was observed, followed by an increment in temperature; this means that an exothermic reaction has occurred. When adding Ca(NO 3 ) 2 -4H 2 O to ethanol a clear solution was also obtained. In the final solution, a slow formation of white filaments was observed. After one hour of agitation, the mixture had a white, homogeneous and opaque appearance with much higher apparent viscosity than the initial mixture.
When the mixture was dried, the material obtained looked very similar to white foam, with homogeneous porosity, as shown in Figure 1 . The color of the heat-treated crystalline samples varied as the temperature increased, it changed from gray to bluish white. All samples resulted with a fine grain texture very similar to the texture of talc; the total process time was 16 h. Figure 2 shows the XRD traces for the sample shown in Figure 1 . The XRD patterns of the heat-treated samples at 600°, 900°and 1,200°C are shown in Figure 3 . These XRD patterns revealed the formation of the crystalline phase corresponding to HA, which is the main component. Besides, there was evidence of the presence of a small trace of calcium phosphate, which is generally known as Whitlockite.
Figures 4, 5 and 6 show the bright field TEM images of the heat-treated samples and their corresponding electron diffraction patterns, respectively. The electron diffraction patterns correspond to the XRD observed nHA phase. These figures clearly show the increment in size of the nHA when treated at different temperatures. After heating at 600°C, the average size particles range from 30 to 50 nm, showing a regular shape and no porosity (Fig. 4) . When the heating temperature rose up to 900°C (Fig. 5) , the size of the particles increase up to 150 nm. Finally, at the highest heat treatment temperature at which this material was treated, 1,200°C, the final particle size was 500 nm, as shown in Figure 6 .
During determination of surface area, the adsorption isotherm of nitrogen was also obtained for hydroxyapatite. Figure 7 shows the isotherm adsorption of the nHA sample heat-treated at 600°C. The surface area of nHA samples heat-treated at 600°C, 900°C and 1,200°C was 7.0 ± 0.7, 6.4 ± 0.5 and 2.3 ± 0.2 m 2 g 21 , respectively.
Discussion
It is believed that the process of nucleation and initial growth of colloidal nanocrystals strongly depends on the rise of the concentration of the ions in the solution; consequently, the kinetics of nucleation of the spherical colloidal particles is controlled by the evaporation of the solvent used in the experiment (ethanol). Therefore, as the solvent is evaporated, the concentration of ions increases, producing the nucleation. The nucleation period is limited to a short period of time, and the growth (agglomeration of nanoparticles) is also induced, initially, by the evaporation of the ethanol. It is worth mentioning that the size of these agglomerates or nanoparticles is too small to be detected by XRD, producing an amorphous-like pattern, as shown in Figure 2 . With the heat treatments, the energy barrier required for the formation of new surface area was overcome and the growth of the nanoparticles formed during the synthesis was observed. The heat treatment process provides energy to the system, promoting the rearrangement of the crystals formed in a configuration of lower energy, helping the growth of the crystals.
From XRD patterns, it can be observed that as the heat treatment temperature increases, the diffraction peaks become sharper. The width of the diffraction peaks could be related with the crystal size, which means that the crystal size of the system increases as the heat treatment temperature rises, as can be confirmed by the TEM images. The electron diffraction pattern for the sample heat-treated at 600°C consists in concentric rings that correspond to nHA phase and are characteristic of nanocrystalline materials with different orientations. In the sample heat-treated at 900°C the electron diffraction pattern consist in spots that correspond to nHA phase but are still present in some rings indicating the presence of some crystals with different orientations, as mentioned above. However, the sample heat-treated a 1,200°C displayed a well-defined spot corresponding to a more ordered atomic array.
It can be observed from Figure 4 that the grain size is between 10 and 50 nm and the shape of the crystals is rather homogeneous and the TEM pattern, mentioned above, confirms this observation. However, for the samples heat-treated at 900°C and 1200°C, the grain size increased considerably (up to 500 nm), since the energy required for the breaking the barrier of these particles is overcome, producing bigger particles (Figs. 5 and 6) ; giving TEM patterns with higher degree of structural order.
According to IUPAC pore size classification, there are six kinds of adsorption isotherms. Type II isotherm in the classification of Brunauer, Deming and Teller is associated with macroporous solids (more than 50 nm) or non-porous materials. The isotherm adsorption of all samples reported in this work was type II. The surface area values decreased from 7.0 to 2.3 m 2 /g as a function of the heat treatment due to crystal growth. These magnitudes would generally classify this material as low-specific-surface-area materials, which are composed of nanoscaled pores.
We speculate that the combination of the nano and macro pores, obtained in this work, will provide a material that could be tested as a plausible material for bone ingrowth. It is believe that the networks surface areas, which provides an advantage toward supplying greater interfacial contact between implant and host tissue, thus improving adhesion and fixation of the implants and, consequently, reducing the chances of implant mobility.
Experimental Process
The synthesis of nHA crystals was performed by sol-gel processing, the chemical reagents were: tetrahydrated calcium nitrate [Ca(NO 3 ) 2 •4H 2 O] and pentoxide phosphorous [P 2 O 5 ]. They were combined in a stoichiometric ratio, as follows: Ca/p = 1.67 (1) .
The modified synthesis process consisted of the following steps: (1) solution, (2) mixture, (3) drying and (4) heat treatment. Two different solutions were processed separately; 4.26 g of P 2 O 5 reagent were dissolved in 87.6 ml of ethanol to produce a solution at 0.4 M and 23.6 g of Ca(NO 3 ) 2 4H 2 O were dissolved in 291.95 ml of ethanol in order to produce a 0.35 M solution.
Once having these two homogeneous solutions, the procedure to mix both solutions consisted in adding the first solution to the second solution in a drop wise fashion, at a rate of 10 ml/min. The final solution was kept under stirring for an hour at room temperature. After this, the mixture was dried at 56°C for 12 h, and then the crystals obtained were ground and heat-treated at 600°C, 900°C and 1,200°C for 2 h. These temperatures were chosen in order to analyze systematically the effect of the temperature on the crystal growth of the nHA formed from the final www.landesbioscience.com Biomattersolution. The powders obtained were characterized before and after the heat treatment, by means of XRD with a Bruker AXS Diffract plus/D8 Advance diffractometer with CuKa (l = 0.154 nm), scanning electron microscopy (SEM) with a Leica stereoscan 440 and transmission electron microscopy (TEM) with a JEOL-JEM 1200EX. The specific average surface area of nanopowders was measured from Nitrogen adsorptiondesorption isotherms with a Bel-Japan Minisorp II instrument at 77 K using a multi-point technique. Prior to the analysis, the adsorbed moisture on the fine powder surface was eliminated by evaporating at 100°C for 6 h in vacuum, then the surface area was determined by the BET method. It is worth mentioning that three samples were analyzed per each condition and the statistical error was included within the results. A flowchart drawing of the experiment circuit diagram is shown in Figure 8 .
Conclusions
The experimental method reported in this work can be used to obtain hydroxyapatite nanocrystals within a total process time of less than 16 hours. The size of the crystals obtained ranged from 40 to 500 nm for heat-treating temperatures of 600°C and 1,200°C, respectively. This indicates that the heat-treating temperature may control the crystal size. BET analysis confirmed that the surface area values decreased from 7.0 to 2.3 m 2 /g as a function of the heat treatment. The sample heat-treated at 600°C showed a TEM pattern with concentric rings, which is characteristic for crystalline materials having crystals with different orientations. However, as the temperature of the heat treatment increased, the growth of these nHA was promoted and a higher degree of structural order was observed, since the increase of thermal energy allows the system to achieve a more stable configuration.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
